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FREE-FLIGHT-TUNNEL INVESTIGATION OF THE LOW-SPEED
STABILTITY AND CONTROL CHARACTERISTICS
OF A CANARD ATRPLANE MODEL

By Joseph L. Johnson, Jr., and Johm. W. Paulson
SUMMARY

Since canard configurations have been found toc possess unusual static
stabllity characteristics, an investigation has been conducted in the
Lengley free-flight tunnel to determine the dynamie stabllity and control
characteristicse of a model of this type. The characteristics of the model
were unsstisfactory 1In the higher lift-coefficient range because of lightly
damped lateral oscillations and because of erratic behavior in pitch and
yaw which was gpparently caused by random trim changes associgted with the
irregular fluctuations in the vortex flow from the horizontal tail.

INTRODUCTTION

During the past few years the Nationsl Advisory Committee for Aero-
nautics hss been making a general study of canard sirplanes because they
sppear to offer some advantages over other type alrplanes at transonic
and supersonic speeds (for example, refs. 1 to 3). As a part of this
genersl study, several investigations have heen conducted in the Langley
free-flight tunnel to determine the low-speed static lopngitudinsl and lat-
ergl stability and control characteristics of cansrd sirplane models
(refs. 4 to 9). The longitudinal studiles showed that the particular
canard designs studled had a relstively small allowable center-of-gravity
renge unless the trimming power of the tail was increased by increasing
the maximum 1ift coefficient of the tail (ref. 9). The lateral studies
showed that, at high angles of attack, a sidewash from the horizontal tail
caused an effective reversal in the direction of sideslip which resulted
in the models having large posltive values of directionsl stabllity with
vertical tails off. This sldewash also caused the directional stabllity
contributed by a verticgl tail on the fuselage to be reduced at high angles
of attack. An investigation to determine the damping-in-ysw charascteristics
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of a particular cansrd model (ref. 7) showed that the sidewash caused
the model to have negative demping in yaw with vertical talls off and
caused the damping-in-yaw contribution of a vertical tail at the rear
of the fuselasge to be increased. :

Because of the unusual nature of these stability characteristics,
an investigation was undertaken to flight test a canard model in the
Langley free-flight tunnel in order to determine the effect of these
characteristics on dynamic stabllity and control and general flying
quelities. Flight tests were made of the model over a lift-coefficient
range from about 0.55 to the stall with various vertical tall arrsgnge-
ments. For most of the tests a 60° triangular-plen-form horilzontal tail
was used on the model but for some tests the 45° sweptback tail with
leading-edge flap investigated in reference 9 was used. Calculations
were made to determine the dynamic lateral stability characteristics of
the model for correlation with flight-test-results.

SYMBOLS

A1l forces and moments are referred to the stability system of axes
originating at a center-of-gravity position of 0.24C ahead of the leading
edge of the mean serodynamic chord and vertically on the center line of
the model. A sketch showing the positive direction of the forces and
moments is presented in figure 1 and the relation of the stability axes
to the other axes considered herein is shown in figure 2.

S wing area, sq ft

mean gerodynamic chord, £t

ol

v airspeed, ft/sec

b wing span, ft

qa dynamic pressure, lb/sq ft

P air density, slugs/cu £t

W weight, 1b

m mass, slugs

Hp relative density factor, m/pSb
B angle of sideslip, deg

M
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sngle of attack of reference axis (fig. 1), deg

angle of attack of principal longitudinal axis of alrplane,
positive when principal axis is above flight path at nose
(fig. 2), deg

angle between reference axis and principal sxis, positive
when reference axis is above principal axis at nose

(fig. 2), deg

angle between reference axis and horizontal axls, positive
when reference axis is gbove horizontal sxis at nose

(fig. 2), deg

angle of flight to horizontal axis, positive in a climb
(fig. 2), deg

moment of inertia about reference longitudinael axis, mkxg,
slug-ft

moment of inertis about reference lateral axis, kaE,
slug-ft2

moment of inertle gbout reference vertical axis, mkza,
slug-£t2

radius of gyration sbout principal longitudinal axis, ft
radius of gyration ebout principal vertical axls, £t
radius of gyretion about reference longitudinal axis, ft
radius of gyration about reference lateral axis, £t

radius of gyration asbout reference vertical axis, ft

nondimensional radius of gyration about principal longltudi-
nal axis, kXO/b

nondimensional radius of gyrstion sbout principal vertical
axls, kg /b
(o)
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nondimensional radius of gyration about longifudina.l stability

axis, \/KX 2ecos®n + KZOEBinEn
8]

nondimensional radius of gyration é.bou'b vertical stabllity

axis, \/Kzogcosz'n + Ky 2sinzn
o]

nondlimensional product-of-inertis parameters,
(KZ02 - KXOE) cos 1 sin 7

11ft coefficient, Lift/qS

drag coefficient, Drag/qS

pitching-moment coefficient, Pitching moment/q_SE

yewing-moment coefficient, Yawing moment/qSb

rolling-moment coefficient, Rolling moment/qSb

lateral-force coefficient, Lateral force/qS

b

3Cy
.7

9B
oCy

3¢,
op’

3y

b
2
av

aC
b

uff | S

rer

per

per

: per

per

degree

degree

degree

radian

redian

(per radian in table II)

(per radian in table II)

(per radian in table IT)
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c Cn ai
= — er Iradian
Tp apb’ P
2v
ac,
Cq_ = —=; per radian
r rb
32
2v
aC
Cy_ = ——X, per radian
r BEE
v
c. = aCn per radian
Dy Bﬂ,
2V
1, incidence of horizontal tall (positive with leading edge up),
deg
Sg glleron deflectlon perpendicular to hinge line, deg
) rolling angular velocity, redians/sec
r yawing angular velocity, radiens/sec
Tl/2 time for amplitude of oscillation to change by factor of 2

(positive value indicates a decrease o half-amplitude;
negative value indicates an increase to double smplitude},
sec

APPARATUS AND MODEL

The investigation was conducted in the langley free-flight tunnel
which is designed to test free-flying dynamic models. A complete
descriptiqn of the tunnel and 1ts operation is presented In reference 10.
The free-oscillation tests to determine the demping-in-yaw characteris-
tics of the flight-test model were made in the Langley free-flight tun-
nel during a previous investigation (ref. 7). The rolling derivatives
of the flight-test model were determined by the rolling flow method of
the Langley stability tunnel which is described in reference 11.

The model used in the Investigation was constructed at the Langley
Leboratory. A three-viliew drawing of the model is presénted in figure 3
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and the dimensional and mess characteristics of the model are given in
table I. A photograph of the model with the all-movable triangulaer hori-
zonbtal tail and wing-tip vertical tails is shown in figure 4. The model
was equipped with wing-tip tails in its basic condition. For some tests
the model was equipped with a center vertical tall on the rear of the
Puselage and also with the center vertical tail in combinstion with the

wing-tip tails.

The center-of-gravity positlon of the model could be varied sbout
14 percent of the mean aerodynamic chord during flight by moving a weilght
along the longltudinal axis of the fuselage. A I1-inch movement of the
welght gave spproximately a l-percent shift in the center-of-gravity
position. : :

DETERMINATION OF THE STATIC STABILITY AND CONTRCL AND ROTARY
CHARACTERISTICS (F THE FLIGHT-TEST MODEL

Test Conditions

Force tests were made to determine the static longitudinal and lat-
eral stability and control characteristics of the model wilth tip tails
on over an angle-of-attack renge from 0° to 32° with the triangular hori-
zontal tall and with the sweptback horizontal tail. The lateral charac-
teristice were g8lso determined for each horizontal tail configuration
with all vertical teils off, with wing-tip tails alone, with center tail
alone, end with center tail plus wing-tip talls. The lateral character-
istics were determined from measurements of force and moment coefficients
at 15° sideslip and over a yaw range of ¥20° at angles of attack of 0°,
120, 169, and 24°. Most of the tests were made with the elevons deflected
~-15° and the horizontal tail deflected 5° which corresponded to those
deflections used for trim in most of the flight tests. -

All force tests were made at a dynamic pressure of 3.0 pounds per
square foot which corresponds to en airspeed of about 50 feet per second
at standard sea-level conditions and to a Reynolds number of approximately

0.1143 x 106 based on the wing mesn aerodynamic chord of 1.38 feet. All
moment data are referred to a center-of-gravity position of 24.0 percent
of the mean aerodynsmic chord shead of the leading edge of the mean sero-

dynamic chord.

Demping-in-yaw tests (reported in ref. 7) Wwere made over an angle-
of-attack range fram O° to 20° with tip tails off and on. Tests were
also made at an angle of attack of 20° with wing-tip tails and s center
vertical tall on the fuselage. These tests were run at a dynamic pressure
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of 1.2 pounds per square foot which corresponds to an airspeed of approxi-

mately 31 feet per second and to a Reynolds number-of 0.275 X 106 based on
the mean serodynamic chord of the wing.

The rolling-flow tests were made over en angle-cf-attack range from
0° to 28° for the model with all vertical tails off, with wing-tip tails
only, with center tail only, and also with wing-tip tails plus center
tail. These tests were made at a dynemic pressure of 16 pounds per square
foot which corresponds to an alrspeed of approximately 116 feet per second

and to a Reynolds number of 1.02 X lO6 based on the mean aerodynamic chord
of the wing.

Longitudinal Stability and Control

The data of figure 5 show the effect of horizontal-tall deflection
on the static longltudinal stabllity and control characteristics of the
model with the triangular horizontal tall and with the sweptback horizon-
tal tail having a leading-edge flap. The data show similar characteris-
tics for the two configurations although there was generally less sta-
billity and more pitching effectiveness with the sweptback tall because of
1ts greaster lift-curve slope. Both talils lost their effectiveness when
the combined angle of attack of the model and angle of incidence of the
tall equalled the stall angle of the tail.

The effects on the longltudinal stablllity and control characteris-
tics of deflecting the ailerons for trim (both aillerons deflected up 15°)
are shown in figure 6. Deflection of the ailerons produced a constant
increment of positive pitching-moment cocefficient throughout the 1ift-
coefficient range which increased the trim 1ift coefficlent for both
configurations.

Lateral Stability and Control

The effect of vertical-teil arrangement on the lateral stabllity
characteristics of the model at various angles of attack with the trian-
gular horizontal tail and with the sweptback horizontal tail plus flap
are shown in figures 7 and 8, respectively. Since the veriation of
yawing-moment coefficient C, with angle of sideslip £ 1s nonlinear

for same configurations, the yawing-moment data of figures 7 and 8 are
summarized in figure 9 in terms of the directional stability param-
eter CnB as measured at low angles of sideslip (B < ¥5°) and high

angles of sideslip (B > 15°). The data show that the static directional
stebility of the model was satisfactory over the angle-of-attack range
with tip tails on at either low or high sideslip angles. The center tall
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wes destabilizing at low sideslip angles over the higher angle-of-attack .
range. This destabilizing effect resulted in large static instabllity '
at 24° angle of attack with only the center tail on.

The verlation of slleron and rudder effectiveness with angle of
attack is presented 1n figure 10. The rolling moment produced by various
emounts of slleron deflection from a neutral setting of -15° decreases
with increasing angle of attack. The yawing moment produced by the
allerons is generally adverse over the angle-of-attack range for all
deflections. The yawing moment produced by 10° deflection of the wing-
tip rudders decreaseg by about two-thirds from low to high angles of
attack but 1t still appears to be sufficlent to balance out the adverse
yawing moment produced by the ailerons over the engle-of-attack range.
The yawing moment produced by a deflection of 10% of the center rudder
plus wing-tip rudders is approximately two and one-hslf to five times as
great gs that produced by the tip rudders alone.

Damping-In-Yew Characteristics

The data of figure 11 show the damping-in-yaw charecteristics of the
model with the triangular horizontael tall as presented in reference T.
These data show that with vertical tseils off or tip tails on the damping
decregsed and became negative as the angle of attack incressed. The
addition of the center tail to the model gave a large steblilizing incre-~
ment to the damping in yaw at 20° angle of attack.

Rolling Derivatives

The results of rolling flow tests to determine the rolling deriva- -
tives of the model with the trisngular horizontal tail are presented in
figure 12. These data show that the damping-in-roll parsmeter -Czp

decregses with an Increase 1n angle of attack for all vertical tail
arrangements tested. The yawing moment due to rolling Cnp was greatly

affected by vertical-tall arrangement and angle of attack. With vertical
tails off CnP was negative at low angles of attack but became positive

in the medium sngle-~of-attack range and increased to large positive wvalues
at the higher angles of attack. The increment of Cnp contributed by the

the wing-tip talls and wing-tip tails:-plus center tail was positive in the
lower angle-of-attack range and negative in the moderate and high angle-
of -attack ranges. The lateral force due to rolling CYb, which varied

considerably with vertical-tail arrangement at the higher angle of attack,
wag poeltive over most of the angle-of-attack range for all the vertical-
tail arrangements tested. _ -
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FLIGHT TESTS

Flight tests were made over a lift-coefficient range from about 0.55
to the stall to determine the dynamic stebility and control characteris-
tice of the model with various verticel-tall arrangements. The vertical-
tall arrangements tested included wing-tip talls alone, center tail alone,
center tail plus wing-tip tails, and all talls off, Most of the £lights
of the model were made with the triangular horizontal tall but a few
flights were made with the sweptback horizontal tall having a leading-
edge flap.

In order to keep the incidence of the horizontal tail low and thus
avold tail stell and the resulting loss in effectiveness at high angles
of attack, the model was trimmed over the l1ift-coefficlent range by
changing the center-of-gravity position of the model. In the investiga-
tion the center-of-gravity position wes varied from sbout 0.268 shead of
the leading edge of the mean serodynamic chord to sbout 0.12¢ shead of
the leading edge of the mean serodynsmic chord. The model was flown with
coordingted ailerons and rudder and also with silerons alone. Alleron
deflections of +15° and {200, rudder deflections up to 109, and horizontal-
tail deflections of *5° were used for control during the flight tests.

Motion-picture records were taken throughout the flight tests to
supplement the pllots' observations of the behavior of the model.

CALCULATIONS

Calculations were made by the method presented in reference 12 to
determine the period and time to damp to one-half amplitude of the lat-~
eral oscillstory mode and the time to damp to one-hslf amplitude of the
aperiocdic modes for the model with the various verticel-tall configura-

tions investigated.

The aerodynamic and mass characteristics used 1n the calculations
are presented in table IT. These values are based on a center-of-gravity
position of 0.24E ahead of the leading edge of the meen serodynamic chord
end are considered representative of all flight conditions since the var-
igtion of center-of-gravity position used in the investigation would not
greatly affect these factors. Values of CYB, CnB’ and CIB for the

model were cbtained from force tests made In the free-flight tunnel.
(See fig. 9.) The tail-off values of CYf and Czr were estimated from

references 12 and 13. The contribution of the vertlcal taill to the sta-
billity derivatives CYr and Czr and, in some cases, Cnr was estimated
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from the equations glven at the bottom of table II, which are simllexr to
those glven 1n reference 12. Most of the Cnr values for the model were

obtained from dsmping-in-yaw tests made in the free-flight tuonel. (See
fig. 11.) Values of G!p, Cnp: and Czp were obtained from the rolling-

flow tests made in the stability tumnel (see fig. 12).
RESULTS AND DISCUSSION

For the most part the dynemic stabllity and control characteristics
were evaluated for the model with the trianguler horizontal tail, but a
few flights were made to determine the effect of the sweptback tall on
the model characteristics. Since these tests indlcated that there was no
appreclable difference in the dynamic characteristics of the model with
the two horizontal-tell configurations, the discussion will be concerned
specifically with the model having the triangular tall but can be assumed
to apply also to the model with the sweptback tail.

Longitudinal Stebllity and Control

The dynamic longitudinal stability and control characteristics of
the model with the triangular horizontal tall were considered satisfactory
at the lower 1ift coefficients tested. The model flew smoothly and the
response to elevator control appeared to be satlisfactory. As the 1ift
coefficlent was incressed, however, the behsvior of the model becsme some-
what erratic and the model was more difficult to control. Near the stall
the model exhibited longitudinsal unsteadiness and was difficult to settle
down to a glven trim condition. At times when the model appeared to stall,
1t settled to the tunnel floor without any spparent pitching tendency.

A part of the poor longltudinal behavior st high 1lift coefficlents
could be attributed to the low static margin which resulted from the rear-
ward shift in the center-of-gravity position to permit trim et the high
1ift coefficlents. The main factor contributing to the erratic behavior
of the model, however, was apparently the random changes in trim brought
ghout by the lirreguler fluctustions in the vortex flow from the horizon-
tal tall. This vortex flow, as reported in reference 8, was found to have
rather large variations in the asymmetrical disposition of the vortices
a8 a result of relatively small changes in sideslip and angle of attack.
Since in the present model the angle of incidence of the taill also changed
whenever longitudinal control was applied, the fluctuations in the vortex
flow over the wing and fuselage wWere probably exceptionally large and con-
tributed greatly to the overall erratic behavior of the model.

Sumsai
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The longitudinal control characteristics of the model were gener-
ally satisfactory over the lift-coefficient range providing that trim
settings in the order of 5° or less for the horizontal tail were used.
With angles of incidence greater than 5°, an angle of attack was reached
where deflecting the tall to produce a nose-up pitching moment resulted
in the tall stalling and losing i1ts control effectiveness. Under these
conditions the model responded very slowly in pltch and it was difficult
to control the vertical position of the model in the tunnel. (This
decrease in pitching effectiveness of the horizontel tail is shown by
the force dsta of figs. 5 end 6.)

Lateral Stability and Control

Wing-tlp vertical tails.- The lateral osclllation was well damped
et low 1ift coefficlents and the lateral stability characteristics of the
model with wing-tip tails were considered satisfactory. Fairly smooth
flights were obtained with coordinated ailerons and rudder or with
ailerons alone although there was slightly more yawlng with ailerons slone.
As the 11ft coefficlent increased, the damping of the lateral oscillation
decreased and flights became so erratic that the pilot had to continually
control the model in order to masintaln flight. This reduction in oscillg-
tory stablility with increase in 1ift coefficient, which is also shown by
the calculated results of figure 135, was probably caused by the decresse
in damping in yaw (fig. 11). The calculations indicate that the model
actually became unstable st high 1ift coefficients but this result could
not be verified in flight tests because of the extremely erratic flight
behavior of the model which necessitated the use of almost continual con-
trol and thereby tended to mask any instebility that might have been
present.

Another factor contributing to the generslly poor latersal character-
1stice at high 1ift coefficients was the fluctuations in the vortex flow
previously discussed. The large changes in vortex disposition with angle
of sldeslip which resulted In changes In damping in yaw and static lateral
stability also appeared to cause random trim changes In yaw. The pilot
hed the feeling in flying this model that he had to be constantly alert to
prevent the model from reaching an attitude from which 1t could not be
recovered. This was partlcularly true during £lights with ailerons salone
used for control since there was no yaw control available to correct for
any out-of -trim yawing moment produced by the ailerons or by the vortex
flow. Even with coordinated allerons and rudder the model would scometimes
yaw and stay trimmed at some angle of sideslip for a short time and then
perhaps change 1ts angle of sideslip or slide into the tunnel wall with
Pull control being spplied in an effort to stop the motion.
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Wing-tip tails plue center vertical tails.- With the addition of a
center vertical tail 1t appeared that the damping of the lateral oscilla-
tion was Increased over that of the model with tip tails on but the lat-
eral osgcillation was still only lightly damped at the higher 1ift coef-
ficients. Thls increased damping of the lateral osclllation was mainly
caused by the large incresse in the damping in yaw (fig. 11). The calcu~
lated results of figure 13 are in general agreement with the flight tests
in that they show a decreasse in osclllatory stabllity as the 1ift coef-
ficient lncreased. The calculated Incresse in osclllatory stabiliity pro-
vided by the addition of the center verticel tail, however, was sgpparently
larger than the increase observed 1n the flight tests.

At high 1ift coefficlents the model still exhibited the erratic
f£flight behavior associated with the vortex flow from the horizontsl tail.
There was no essential difference in the behavior of the model compared
with that of the tip-taill case except that the Increased rudder power
realized through the addltion of the ceunter tall seemed to meke recovery
- from disturbances somewhst easier.

Center vertical tall.- Flight tests of the model with only the center
vertical tall indicated that the oscillastory characteristics were about
the seme as those of the model with tip vertical tails and the model exhib-
ited the same random motions associated with the vortex flow as in the
case of the other configurations. The model required samewhat more atten-
tion to control because of a gresiter tendency to diverge in yaw which prob-
ably resulted from the decrease in directional stabilify (£ig. 9).

The lateral-stability calculations indicate that the center-tail con-
figuration should have had better osclllatory stability than the tip-tail
configurations but the flight tests falled to show any sppreclable 4dif-
ferences in the behevior of the two configurstions. Perhaps the need for
continual control msde it impossible to evaluate accurately the stability
of the model in the higher 1ift range. '

Vertical talls off.- Since one of the unusual characteristice of the
canard sirplane was the fact that it had static directional stebility at
high angles of attack with vertical tails off, an effort was made to
study the dynsmic behavior of the model in this conflguration. Attempts
to fly the model proved to_be umsuccegsful, however, because the model
repeatedly yawed on take-off and crashed into the tunnel well. This
behavior was apparently caused by the fact that there was no rudder con-
trol to correct for the sdverse yawing moments of the allerons and the
random changes in trim assoclated with the vortices from the tsil. Also
an importent contributing factor to the model behsavior was the negative
demping in yaw at high engles of sttack (see fig. 11). .

The calculations show that the model was oscillatorily unstable over
the entire lift-coefficient range with all vertical tails off.

soumis
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CONCLUDING REMARKS

An investigation conducted in the Langley free-flight tumnel to
determine the dynamic stability and control characteristics of a model
of a canard-type alrplane showed that the model characteristics were
unsatisfactory in the higher lift-coefficient range. These unsatisfac-
tory flight characteristice were casused by a reductlion in lsteral oscil-
latory stebllity as the 1ift coefficlent increased and by an erratic
behavior in pitch and yaw, apparently because of random trim changes
assoclated with the flow from the horizontal tail.

_Langley Aeronautical Laboratory,
Nationel Advisory Committee for Aeronautics.
Langley Field, Va., August 26, 1953.
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TABIE I.- MASS AND DIMENSIONAIL: CHARACTERISTICS OF MODEL

Welght, 1b . . « e e .
mwlwﬂm,WSIWmft....
Mass density factorp . . . . . . .

Moments of 1nertia:
IX’ slug-ft2 e e & = e o s .+ s = @

IY, Slug—f’bz . . . . . - . . . . .
Ip, slug-Ft% . . . o o o o0 o . .

Wing:
Alrfoil section . . . . . . . .
Area, sgq £t . . . . ¢ . . . . . .
Span, ft e e o s s 8 s e s e o
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TABLE T.- MASS AND DIMENSIONAIL. CHARACTERISTICS OF

- Horizontal tail (triangular):
Alrfoll section . & ¢ ¢ ¢ ¢ v 4 e 4 4 ¢ o 4 o o &
Area, s8q £t ¢ . ¢ ¢ ¢ ¢ ¢ e e e bt 4 0 e 0 4 e .o
Spen, £t . . . . e 4 e 4 e & s s e s e & e e &
Sweepback, of 1eading edge, deg . . . . . <« ¢« ¢
Aspect ratio . . . & ¢ 4 4 e e e d e e e e e e e

Horizontal tail (sweptback)
Airfoil section . & & ¢ ¢ ¢ 4 @ ¢ ¢ ¢ 4 4 e« o
Area, sg ft . . . + ¢ v ¢ c 0 d i h e e e d e . .
Span, £t . & ¢ ¢ o v i 0 e b e e h e e e e e e

Sweepback, of leading edge, deg . . « ¢« + « .« « o

Aspect ratlo . . ¢ ¢ 0 4 e e e e s 4 6 e e e o .
Ieading-edge flap deflection, deg . . « . « . . .
Flap chord, percent of chord of tail . . . . . .

MODEL

Y

Concluded
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e« . . 60
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— Q
Wind direction \

'
4

-»8a

AZIMUTH REFERENCE ¥

Pigure 1.~ The stability system of axes. Arrows Indicate positive
directions of moments, forces, and angles. This system of axes 1s
defined as an orthogonal system baving the origin et the center of
gravity and in which the Z-axis is in the plane of symmetry and per-
pendicular to the relative wind, the X-axis is in the plane of sym-
metry end perpendicular to the Z-axis, and the Y-axis is perpendlcular
to the plene of symmetry. At a constant engle of attack, these axes
are fixed in the airplane,

CONERN. .
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o:ﬁ?>€\\
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Horizontal axis

Figure 2.- System of axes and angular relastlonship in flight. Arrows
indicate positive direction of angles, 1 =0 - ¥ - €.
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Figure 3.- Three~view drawing of cansrd model used in the free-~flight-
tunnel investigation. All dimensions are in inches.
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Figure L.~ Model tested in the Langley free-flight tunnel.
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